concentrations the glucose present in the glomerular filtrate is almost completely reabsorbed in the proximal convoluted tubule, as indicated by micropuncture studies in rats (9, 15, 24) . It has been concluded from clearance studies in dogs that the glucose transport is a saturable active reabsorptive process, and that at high blood glucose levels a T,*,, is reached which is independent of acute changes in glomerular filtration rate (17, 18, 21) and hydration (21). These conclusions regarding a stable transport process have been challenged, however, on the basis of studies in rats and rabbits (8, 12, 15, 16, 23) in which changes in glucose transport were related to glomerular filtration rate or hydration. There is relatively little direct evidence concerning the cellular mechanism of glucose transport in proximal renal tubules. In the small intestine there is an active glucose transport step at the luminal surface of the cells (7). Glucose is transported into the cells from the lumen and reaches an intracellular concentration higher than in either the intestinal fluid or the blood. Although it seemed likely that the mechanism in the proximal renal tubule is similar, this had not been demonstrated directly. Actually, in apparent contradiction to the results in the intestine, at physiological glucose concentrations kidney slices do not accumulate glucose to a higher concentration in the cells than in the medium (10, 11) .
In the present studies glucose transport was measured in isolated, perfused, rabbit renal proximal tubules. Perfusion rate and glucose concentration were varied in order to reexamine the kinetics of saturation of the transport system under controlled conditions. Glucose concentration was measured simultaneously in tubule fluid, cells, and peritubular bath in order to determine the cellular location of the active transport step. Finally, the permeability of the whole epithelium and of the peritubular and luminal surfaces of the cells to glucose was measured using radioactive isotopes.
METHODS
Methods for isolation and perfusion of renal tubular segments (4), and the techniques used for measuring simultaneous tissue, tubular fluid, and bathing medium concentrations of transported substances have been previously described in detail (22). Convoluted and straight segments of superficial proximal tubules from kidneys of 1.5-to 2-kg female New Zealand white rabbits were studied. The animals were killed by decapitation and their kidneys were rapidly excised. Tubules were dissected in chilled (2-5 C), oxygenated, rabbit serum. Proximal convoluted tubule segments studied were from 0.8 to 2.2 mm in length. Straight segments used were 1.2-1.8 mm long.
The studies were done in a bathing medium of 2 ml rabbit serum (Microbiological Associates, Inc., Bethesda, Md.) at 37 C, using an equiosmolar ultrafiltrate of the same serum as the perfusion fluid (made with an Amicon Diaflow ultrafiltration cell using a UM-1 membrane). Ultrafiltrate and serum were preequilibrated by bubbling with 95 % 02 and 5% COS, and during the studies the bathing medium was continuously bubbled with the same gas mixture. Glucose concentration was identical in serum and ultrafiltrate in any single experiment. Glucose (7.1 mM) was used in studies of the straight portion and either 7.1, 14.2, or 28.4 mM was used in studies of the convoluted portion of the proximal tubule. Tracer quantities of glucose-14C and glucose-3H (New England Nuclear Corp., Boston, Mass.) were added to the perfusate and bathing medium, respectively, and the specific activity in each solution was measured. Each tubule was perfused for approximately 10 min prior to the first timed collection of tubular fluid. The perfusate accumulated under mineral oil in the collecting pipet and was drawn into a calibrated constant-bore capillary glass pipet at timed intervals to measure the rate of collection, VL. The sample was then transferred to the liquid scintillation counting solution. Two to eight separate collections of 5-15 min duration were made for each tubule. The perfusion rate was varied between 4 and 55 nl min-l in different experiments, and extended over a range of as much as 25 nl min.-l in a single experiment.
When a single tubule was perfused at different rates, the order in which the rates were tested was random.
Tubules were perfused for up to 1 hr, and the glucose absorption rate was stable over that period TUBULAR GLUCOSE TRANSPORT of time. Rates of perfusion were chosen which resulted in glucose delivery rates (flow rate times concentration) over the same range for each of the three concentrations used in the proximal convoluted tubule.
Tissue Glucose
Nonperfused tubules. The uptake of glucose in the absence of perfusion was measured in eight proximal convoluted tubules. The tubules were incubated at 37 C in rabbit serum containing 7.1 mM glucose and tracer quantities of glucose-3H for lo-25 min. They were then removed from the bathing medium and analyzed for intracellular glucose concentration in the same manner as the perfused tubules (see below). No lumen was visible in these tubules at the time they were removed from the bath. Tracer quantities of albumin-1311 (Abbott Laboratories, Baltimore, Md.) were also added to the bathing medium in these studies as a measure of contamination of each tubule by extracellular fluid. The quantity of glucose present in the contaminating fluid was subtracted from the total tissue glucose. Contamination averaged 0.14 liter bathing medium per liter tissue water.
Perfused tubules. Eight proximal convoluted tubules were recovered during perfusion and the tissue glucose concentration determined.
The glucose concentration in the ultrafiltrate and bathing medium in these studies was 7.1 mM. Since rapid perfusion speed (approximately 50 nl/min) was used, the difference in glucose concentration between perfused and collected tubular fluid was less than 20 70.
From each of these tubules two 5-to 6-min collections were made. The tubule was then detached from the collecting pipet and the luminal diameter was measured using an eyepiece micrometer.
With the pump still running, the perfusion pipet was lifted out of the bathing medium, exposing approximately 25% of the tubule length, and the tubule was removed within 2-4 set using a clean dissecting needle. It was considered necessary to remove the tubule rapidly since an amount of glucose suflicient to double the tissue glucose content is transported into the cells every 12 set (see RESULTS).
The tubule was extracted in 10 ~1 of 3 % trichloroacetic acid for 1 hr. Then, the tubule was removed and the trichloroacetic acid containing the extracted glucose was transferred to the liquid scintillation counting fluid. The tubule was dried and then weighed on a quartz fiber ultramicrobalance
( 1). Tissue water was calculated assuming the water content to be 2.37 nl/pg dry wt (4). Tissue glucose was corrected for contamination with bathing medium assuming that the contamination was the same as in nonperfused tubules removed in the same manner (. 14 nl bath nl-l tissue water). The amount of glucose in the lumen, calculated from the luminal volume (nr2L) and the glucose concentration in the tubular fluid, was likewise subtracted from the total amount of glucose extracted from the tubule. 
Analytical
The activities of 3H and 14C, or of 3H and 1311, were measured simultaneously using a Packard Tri-Cart-, liquid scintillation counter. The basic scintillation solution used was a mixture of toluene and Triton X-100 (3.5: 1) containing 5.5 g PPO and 0.15 g dimethyl POPOP (Packard Instrument Co., Inc., Downers Grove, Ill.) per liter with 1 ml Hz0 added to each 15 ml of this solution to prevent adsorption of the glucose to the glass of the counting vials and to decrease the degree of quenching in the samples containing silica gel.
Glucose concentrations were determined in the original serum and ultrafiltrate (7.1 mM) by the glucose oxidase method (Glucostat, Worthington Biochemical Corporation, Freehold, N. J.). The 14.2 and 28.4 mM glucose solutions were prepared by the addition of n-glucose to the original solutions.
Osmolalities were measured using a BowmanAminco osmometer and were the same in the serum and ultrafiltrate for each study (295, 301, and 3 15 mOsm/liter in the 7.1, 14.2, and 28.4 mM glucose solutions, respectively). Since there is relatively little glucose initially present in the cells compared to the total amount in the perfusate and bath, and the cellular glucose turns over rapidly, the unlabeled glucose originally present in the cells cannot affect the glucose specific activities in the tubular fluid samples, which are collected as these were after 10 min of perfusion.
The net rate of glucose absorption, To, is calculated as: where L is the tubule length in millimeters. C, the rate of fluid absorption, is essentially independent of flow rate in the isolated proximal tubule (6); it has been previously measured under the same conditions as in the present studies and found to be 1.18 nl mm-l min-l in the convoluted and 0.42 nl mm-1 mm1 in the straight portions of the proximal tubule at normal serum glucose concentrations (6). These values have been used for the calculations in the present studies. (Since some of the present studies were done at higher glucose concentrations, C was also measured in the proximal convoluted tubule at 28.4 rnM glucose. At this concentration the fluid absorption rate was 0.98 (+SE 22) nl mm-l min-l (6 tubules), which is not significantly different from the previous measurements of C at lower glucose concentrations.)
Combining equations 2 and 3 and rearranging: 
RESULTS

Net Glucose Absorption
When proximal convoluted tubules were perfused at 7 to 8.5 nl min-l and with a normal concentration of glucose (7.1 mM) the glucose concentration in the collected fluid was lo-15 % of that in the perfusate, indicating nearly complete absorption.
At this concentration, net glucose absorption increased as perfusion rate was increased up to 30 nl min-' (a gl ucose delivery rate of approximately 200 X 1 O-l2 M min-l) (Fig. 1) . F ram 30 to greater than 50 nl min-l there was no significant change in net absorption with increasing perfusion speed. Thus, at glucose delivery rates above 200 X lo-l2 M mm1 (achieved by increasing perfusion rate) a maximum rate of glucose absorption had been reached. Glucose absorption was also measured at delivery rates of ZOO-350 X lo-l2 M mind1 achieved by increasing concentration to 14.2 or 28.4 mM with correspondingly lower perfusion speeds. A similar T nlax was found (Fig. 1, Table 1) . Thus, the rate of glucose absorption was relatively constant at delivery rates above 200 X lo-l2 M mind1 despite large differences of concentration and perfusion speeds ( Table 1 ). The mean rate of glucose absorption at loads above 200 X lo-l2 M Inin+ combining all of these results was 78.5 & SE 5.1 X lo-l2 M mm-l mm1 (19 tubules).
The T,,, for glucose found in these studies is consistent with the results of previous clearance studies in the rabbit. The ratio of the glucose T,,, to whole-kidney GFR is 3.7 mg ml-l in the intact rabbit (12). The estimated singlenephron GFR in the rabbit is 14 X 10mG ml mine1 (6). Thus an estimated 4 mm of proximal convoluted tubule [(3.7 X 14 X 10+)/(78.5 X lo-l2 X 180 X 103)] is necessary to account for glucose absorption in the intact kidney. The total proximal tubule length (including straight and convoluted portions) in rabbits of this size (2 months old) is 8 mm (20) .
The straight portion of the proximal tubule transported glucose at a much slower rate than the convoluted portion. With 7.1 mM glucose concentration and 4 nl mine1 flow rate, glucose concentration in the collected fluid fell only 25 %. The mean rate of glucose absorption in the straight segments was unaffected by flow rate from 4 to 10 nl min-l (Fig. Z) , averaging 5.9 ZIZ SE 0.6 X lo-l2 M mm-l min-r (5 tubules) which is much lower than in the convoluted tubules (78.5 X 10-12). Additional studies were therefore limited to the proximal convoluted tubule since it is most important for glucose transport.
Tissue Glucose
The mean tissue glucose concentration in perfused tubules was 14.5 ZJZ SE 1.7 mM tissue water (8 tubules) with 7.1 mM glucose in the bath and perfusate (Table 2) concentration in nonperfused tubules was 4.8 rt SE 0.6 mM tissue water (8 tubules) with 7.1 IIIM glucose in the bath. Taken together these results indicate that the first step in transtubular glucose transport is active transport of glucose into the tubule cells across their luminal surface. Further, since during perfusion glucose transport from cell to peritubular fluid is down a concentration gradient, this step can most simply be viewed as a passive diffusion process. However, the latter requires very high passive permeability to glucose at the peritubular cell surface and, as will be discussed, could involve a carrier mechanism.
In nonperfused tubules, the glucose concentration was slightly lower in the cells than in the bath. This result could indicate that there is a second active transport step out of the cells at the peritubular border. However, the lower intracellular concentration of radioactive glucose may be the result of small systematic experimental errors. Previously, in studies of kidney slices, glucose was not found to be concentrated in the tubule cells when physiological glucose concentrations were present in the bathing medium ( 10, 11). The observations in the kidney slices are similar to the present results with nonperfused tubules. Presumably in both cases glucose cannot readily reach the lumen because the tubule is collapsed. Therefore, glucose entry into the cells is restricted to the exposed antiluminal surface. Thus, glucose uptake by kidney slices and nonperThe permeability of the tubule epithelium and of the individual cell surfaces to glucose was calculated from the radioactive glucose fluxes. The permeability from bath to lumen (P&, i.e., in the direction opposite to active transport, was calculated as:
where R/13n is the flux of glucose-3H from bath to lumen (measured from the rate of appearance of 3H in the collected tubular fluid, the specific activity of glucose-3H in the bath in which it was initially placed, and the length of the tubule). Themeanvalueof M3nwas 18.8 =t 4.0 )( lo-l2 (9 tubules) M mm+ min.-l at glucose concentration of 7.1 mM. AL is the area of the luminal membrane (62.8 X 10-S cm2 mm-l for an assumed diameter of 20 p), 3Hb is the concentration of glucose-3H in the bathing medium ( 7.1 InM), and 3HL is the concentration of glucose-3H in the collected fluid (0.2 mM).
is an estimate of the mean concentration of glucose-3H in the tubule lumen. Since 3Hb is much greater than 3KJ, this approximation does not influence the results significantly.)
The mean value for glucose permeability from bath to lumen (Pb+i) calculated in this manner was 7.2 X lOA cm see-l at glucose concentration of 7.1 1nM.l Deetjen and Boylan (8) previously concluded that rat proximal tubules were impermeable to glucose in the direction from blood to lumen. They based this conclusion on microperfusion studies in which glucose-14C was injected into the blood and the artificial tubular perfusate was initially free of radioactivity. Since collected tubular fluid contained little radioactivity, the permeability was considered to be insignificant.
They did not, however, consider the normal active transport of glucose out of the tubule lumen, and the possibility remained that glucoseJ4C had permeated into the lumen and then had been actively reabsorbed. Loeschke glucose did enter the tubule lumen and that the permeability was 1.7 X lo-" cm set -l. Their result is lower than that found in the present studies (7.2 X lo-" cm set-l). It is not clear whether this represents a species difference or is due to differences in technique. The glucose T, in rat tubules microperfused in vivo (22.6 X 10-l" M mm? mm-l) is less than in the present studies (78.5 X lo-l2 M mm-l min-l) and also is less than that calculated from glucose transport by the whole-rat kidney under free-flow conditions ( 13). Thus, for reasons that are not well understood, both glucose permeability and net transport rate are lower in the microperfused rat proximal tubule. In another respect, however, the results in the rat and rabbit are in good quantitative agreement. The ratio between the passive glucose backflux and the active glucose absorption is the same. At physiological glucose concentrations the passive backflux in both is so small as to have a negligible effect on net glucose transport. In order to have a backflux equal to the glucose T,, the concentration of glucose in the bath would have to be approximately 30 IIIM higher than in the lumen of the isolated perfused rabbit tubules and 33 IIIM in microperfused rat tubules ( 14) .
The ratio of unidirectional glucose permeability out of the cells into the lumen (P,+i) vs. that into the bath (PC++) was calculated from the 14C and 3H fluxes and cellular isotope concentrations.
This ratio is of interest since it determines the efficiency of the transport mechanism.
The movement out of the cell through luminal surface should be less than through the peritubular surface if the glucose which has been transported into the cells is to move efficiently into the surrounding bath or blood rather than back in to the lumen :
where Ml4o is the flux of glucose-14C from lumen to bath (using equation 4 for glucose-Cl4 rather than total glucose, the mean value is 100.4 I+ SE 7.7 X 10-l" M mm-l mm1 (9 tubules) at 7.1 111~ glucose) 14CT and 3HT are the tissue concentrations of 14C and glucose-3H under these conditions. The mean value for P&P,,i, was 4.1, confirming the expectation that the forward movement of glucose from cell to bath should greatly exceed its backflux into the lumen.2 Even without this calculation it is apparent from inspection of Table 2 In this case the relationship found between flow rate and glucose absorption could simply be related to changes in the glucose load below saturation rather than to a variable transport maximum. Deetjen and Boylan (8), using in situ microperfusion of rat proximal convoluted tubules, found that the rate of glucose absorption per unit tubule length increased as the perfusion rate increased.
They used a perfusion solution containing 12 ~I-IM glucose and perfused at flow rates from 12 to 23 nl min-l (delivery rates from 144 to 276 X lo-l2 M min-l).
Since the normal rat has little or no glycosuria at 12 mM blood glucose concentration (16), and the normal filtration rate in single superficial nephrons of the rat is 30-60 nl min-l 2 ( ), the delivery rates in these experiments may have been too low to saturate glucose transport. There is an additional difference in their results from the present studies and micropuncture studies (9, 15, 24) . The glucose concentration in the collected samples had changed little from that of the original perfusate. Since the studies were done at glucose delivery rates below the threshold for glycosuria in the normal rat, glucose should have been almost completely absorbed by the proximal convoluted tubule, and a significant fall in glucose concentration should have been found in their proximal convoluted tubule segments, which averaged 1.0 mm in length.
In a free-flow micropuncture study of glucose absorption in the rat proximal tubule (with an oil block distal to the site of puncture)
Rohde and Deetjen (15) found a relationship between the rate of glucose and fluid absorption at differentsingle-nephron filtration rates. GFR in single nephrons was changed by varying the rate of withdrawal of different micropuncture samples. The plasma glucose concentration (4.6-9.8 mM in all but one sample) was consistently well below that necessary to saturate glucose absorption at normal filtration rates (16). Most of their single-nephron filtration rates were equal to or less than normal, and none was more than 50 % above normal (2). Changes in glucose absorption must, therefore, be attributed to changes in delivery below T,,,, rather than a specific relationship to fluid or sodium absorption. In the present studies, the rate of glucose delivery to the proximal convoluted tubule was varied both by changing the perfusion rate and by changing glucose concentration. Below saturation, glucose absorption varied linearly with flow rate (7.1 mM glucose concentration, Fig. 1 ). Above saturation there was no significant difference in absorption despite large differences in the flow rate at the three concentrations ( Fig. 1 , Table 1 ).
